Persistence of organochlorine chemical residues in fish from the Tombigbee River (Alabama, USA): Continuing risk to wildlife from a former DDT manufacturing facility DDT persists in the environment near a former manufacturing facility that ceased production over 40 years ago, and concentrations represent a risk to fish and piscivorous birds in the area.
a b s t r a c t
Organochlorine pesticide and total polychlorinated biphenyl (PCB) concentrations were measured in largemouth bass from the Tombigbee River near a former DDT manufacturing facility at McIntosh, Alabama. Evaluation of mean p,p 0 -and o,p 0 -DDT isomer concentrations and o,p 0 -versus p,p 0 -isomer proportions in McIntosh bass indicated that DDT is moving off site from the facility and into the Tombigbee River. Concentrations of p,p 0 -DDT isomers in McIntosh bass remained unchanged from 1974 to 2004 and were four times greater than contemporary concentrations from a national program. Total DDT in McIntosh bass exceeded dietary effect concentrations developed for bald eagle and osprey. Hexachlorobenzene, PCBs, and toxaphene concentrations in bass from McIntosh also exceeded thresholds to protect fish and piscivorous wildlife. Whereas concentrations of DDT and most other organochlorine chemicals in fish have generally declined in the U.S. since their ban, concentrations of DDT in fish from McIntosh remain elevated and represent a threat to wildlife.
Published by Elsevier Ltd.
Introduction
Dichlorodiphenyl-trichloroethane (DDT) was manufactured at a facility located along the Tombigbee River near McIntosh, Alabama from 1952 until 1963 (U.S Environmental Protection Agency (USEPA, 2006) ). Pesticides, agricultural chelating agents, resins and additives used in the plastics industry, anti-oxidants, and small volume specialty chemicals were subsequently produced at the facility. The facility was listed as a National Priorities List (NPL) site in 1984 after lindane was detected in groundwater and DDT and its metabolites were detected in soil (USEPA, 2006) . Under the Superfund Program, the USEPA organized the site into four operable units (OUs). One OU consisted of an effluent ditch and 370 acres of the Tombigbee River floodplain. This entire floodplain is typically inundated with water from December to April, creating a direct connection to the Tombigbee River. The effluent ditch and runoff from the waste disposal sites were the primary sources of contamination to the floodplain. The USEPA concluded that piscivorous wildlife feeding in the floodplain were at greatest risk from DDT and its primary metabolites, dichlorodiphenyl-dichloroethane (DDD) and dichlorodiphenyl-chloroethane (DDE). As part of the remedy, highly contaminated soils and sediments in the floodplain were excavated in 1998 to decrease DDT concentrations to an area-wide average of 15 mg g
À1
. The remedial action to reduce DDT to acceptable concentrations would theoretically also reduce the concentrations of other contaminants of concern (ametryn, atrazine, butylbenzylphthalate, diazinon, prometon, prometryn, propazine, simazine, simetryn, terbuthylazine, terbutryn, tolban, chromium, copper, cyanide, mercury, and nickel) at the site (USEPA, 2006) . Because contaminated soils and sediments were left on the floodplain, post-remediation monitoring was required. A monitoring goal to have whole-body DDT concentrations of 300-1500 ng g À1 in mosquitofish (Gambusia affinis) was not achieved in the five years of sampling after the remedial action. However, mean whole-body DDT concentrations in mosquitofish post-remediation (2000-22,000 ng g
) were generally lower than pre-remediation concentrations (14,000À41,000 ng g À1 ). Based on these results, the USEPA concluded that leaving the DDT in the forested floodplain continues to pose a risk to the piscivorous birds feeding in this area. In addition, fish likely move into the floodplain when the Tombigbee River floods, potentially increasing their exposure to DDT and its metabolites and providing a pathway for contaminants to move off site as the water recedes and returns to the main channel of the river. This timing is particularly important as it overlaps the beginning of the spawning season for some species including mosquitofish and largemouth bass (Micropterus salmoides). Previous studies have reported elevated concentrations of p,p 0 -DDE, total PCBs, hexachlorobenzene, and toxaphene in this portion of the Tombigbee River (USFWS, 1989 (USFWS, , 1996 USEPA, 1995; Schmitt et al., 1999) .
Fish and birds are sensitive to DDT exposure. Dietary exposure to technical DDT has reduced survival in fish at multiple life stages (see review by Jarvinen and Ankley, 1999) , and protective thresholds for whole-body total DDT concentrations have been recommended for early life stage, juvenile, and adult fish (Beckvar et al., 2005) . In addition, exposure to p,p 0 -DDE, o,p 0 -DDT, and o,p 0 -DDE can affect behavior and disrupt the endocrine and immune systems in fish (Donohoe and Curtis, 1996; Ungerer and Thomas, 1996; Faulk et al., 1999; Milston et al., 2003; Papoulias et al., 2003; GarciaReyero et al., 2006; Barber et al., 2007) . Exposure to p,p 0 -DDE has been associated with reduced reproductive success of bird populations; bald eagle (Haliaeetus leucocephalus) and osprey (Pandion haliaetus) are especially susceptible to eggshell thinning after exposure (Anderson and Hickey, 1972; Wiemeyer et al., 1984 Wiemeyer et al., , 1988 . The potential effects of o,p 0 -DDT isomers to birds are largely unknown, and toxicity thresholds for avian receptors are not available for these metabolites.
Our first objective was to compare organochlorine pesticides and total PCB concentrations in largemouth bass from the Tombigbee River at McIntosh with other sites in the Mobile River basin. Concentrations of p,p 0 -DDT isomers in McIntosh bass were also compared to historical concentrations to determine if concentrations have declined and to contemporary concentrations from a national monitoring program. Our second objective was to examine ratios of o,p 0 -versus p,p 0 -isomers in total DDT to determine if the source of DDT in McIntosh bass could be identified. Lastly, a screening level risk evaluation was conducted to determine if contaminant concentrations pose a risk to fish and piscivorous birds.
Materials and methods

Study area and sampling sites
The Mobile River basin comprises two large rivers, the Tombigbee and the Alabama, which meet to form the Mobile River in southwestern Alabama; the Mobile River ultimately flows into Mobile Bay and the Gulf of Mexico (Fig. 1) . The main site of interest was located on the lower Tombigbee River near a former DDT manufacturing facility and a former chlor-alkali facility in the city of McIntosh. Both facilities are NPL sites, and the main contaminants of concern are DDT, mercury, and chlorinated benzenes. Sites located on the Coosa River at Childersburg, the Alabama River at Eureka Landing, the Tombigbee River at Lavaca, and the Mobile River at Bucks were being sampled as part of a national monitoring program study and expected to have relatively low concentrations of DDT (Hinck et al., 2008) and were therefore included for comparison with the McIntosh site.
Fish sampling
Largemouth bass were captured by electrofishing in October 2004 (Fig. 1) . Ten (each) adult male and female fish were collected per site where possible (Table 1) . Fish were euthanized, weighed, and measured. All collection, handling, and euthanasia procedures followed animal care and use guidelines (American Fisheries Society et al., 2004) . Whole-fish were wrapped in aluminum foil and shipped to the analytical laboratory on ice. Samples were stored at À20 C until analyzed.
Laboratory analyses
Fish from Childersburg, Lavaca, Eureka Landing, and Bucks were analyzed as whole-body composite samples (Hinck et al., 2008) ; stomach contents were included in the samples. Individual fish were partly thawed, cut into pieces, and ground to a fine texture. Fifteen percent of the total body weight was sub-sampled (45-83 g) to maintain the proportional size and contaminant load representation of each fish. The ground sub-samples were then grouped to create a single homogeneous composite sample representing each gender-site combination; i.e. one female and one male composite sample per site (total n ¼ 8). The composite sample was then sub-sampled (200 g) and re-frozen (À20 C). Contaminant concentrations were analyzed in individual fish from McIntosh (n ¼ 4 females; n ¼ 6 males) because of high DDT concentrations measured historically in fish from this site. Individual fish were homogenized as described previously and sub-sampled for contaminant analysis. All equipment was disassembled and chemically cleaned between samples to prevent cross-contamination.
The fish samples were analyzed for o,p 0 -DDE, o,p 0 -DDD, o,p 0 -DDT, p,p 0 -DDE, p,p 0 -DDD, p,p 0 -DDT, pentachlorobenzene, hexachlorobenzene, and total PCBs using procedures described previously (Hinck et al., 2008) . In summary, a 10 g subsample of each homogenized sample was dehydrated with anhydrous sodium sulfate, spiked with recovery standards (PCB 029, PCB 155, PCB 204, and p,p 0 -DDD-d8), column extracted with dichloromethane, and subsequently cleaned up using size exclusion and adsorption column cleanup procedures. The extracts were then applied to a two-layered octadecyl silica/activated silica gel column and separated into two fractions, one fraction containing PCBs with selected pesticides and a second fraction containing the remainder of the pesticides. The sample extracts were adjusted to a final volume of 1 mL. Two instrumental internal standards, PCB 030 and 207, were used. The analytes were quantified by dual column high-resolution gas chromatographic (GC) system with electron capture detection (ECD). Analyses were performed using Hewlett-Packard 5890 Series II GCs (Agilent, Palo Alto, CA) with cool on-column capillary injection systems and Hewlett-Packard model 7673 autosamplers. Each analytical column, 60-m Â 0.25-mm Â 0.25 mm DB-5 (5% phenyl, 95% methylsilicone) and DB-17 (50% phenyl, 50% methylsilicone; Agilent, Palo Alto, CA), had a deactivated capillary retention gap attached. The hydrogen carrier gas was pressure regulated at 25 psi. The chromatographic temperature program was initial temperature 60 C, immediately ramped to 150 C at 15 C/min, then ramped to 250 C at 1 C/min, and finally ramped to 320 C at 10 C/min and held for 1 min. The GC/ECD data were collected, archived in digital form, and processed using a PerkinElmer chromatography data system. Total PCBs were reported as the sum of 139 congeners. Toxaphene residues were quantified on the basis of 20 component peaks of a technical toxaphene standard. Mean percent recovery for the recovery standards ranged from 85 AE 4 to 105 AE 8%. Matrix spike recoveries ranged from 91 to 108%. The limit-of-detection (LOD) for each compound was calculated by adding the average procedural blank concentration to three times the procedural blank standard deviation (Keith, 1991 p,p 0 -DDT; 0.07 ng g À1 ww for pentachlorobenzene; 0.14 ng g À1 ww for hexachlorobenzene; 61 ng g À1 ww for total PCBs; and 10 ng g À1 ww for toxaphene.
Statistical analysis
Contaminant concentrations were analyzed statistically as wet weight values and were log 10 -transformed. Mean contaminant concentrations and lipid content for female and male bass from McIntosh were calculated and used to compare to concentrations in the composite samples. Means for both types of samples (individual fish and whole-body composites) are based on the proportional size representation of each fish in the sample (i.e. weighted arithmetic mean) and are therefore directly comparable. A total of 10 samples (one male and one female from each site) were included in the statistical analysis. Gender and site differences in contaminant concentrations and lipid content were evaluated with one-way analysis of variance (ANOVA) followed by Tukey's posthoc test. The a-level was 0.05.
Gender differences in contaminant concentrations were not significant; therefore, male and female samples were combined to represent the mean site concentration. A value of one-half the LOD was substituted for censored values in all statistical analysis. All computations and statistical analyses were performed with Version 9.1 of SAS (Cary, NC).
Temporal and spatial trend analysis
Temporal and spatial trends in contaminant concentrations were examined using historical and contemporary data. The McIntosh and Eureka Landing sites were National Contaminant Biomonitoring Program (NCBP) sites (Sites 14 and 59, respectively) where fish were sampled from 1969 to 1986 (Schmitt et al., 1999) . Concentrations of p,p 0 -DDE, p,p 0 -DDD, and p,p 0 -DDT in bass from McIntosh and Eureka Landing were compared to historical NCBP concentrations. Concentrations in bass from McIntosh were compared to p,p 0 -and o,p 0 -isomers, pentachlorobenzene, hexachlorobenzene, toxaphene, and total PCBs' concentrations in largemouth bass from the U.S. Geological Survey's BEST Program (Schmitt, 2002; Schmitt et al., 2005; Hinck et al., 2006 Hinck et al., , 2007 Hinck et al., , 2008 . Briefly, chemical contaminants were measured in piscivorous and benthivorous fish collected from 1995 to 2004. Collection sites represented a range of contaminant sources (e.g. mining, agriculture, industry, and urban areas) and key points on major rivers such as dams and tributary confluences. Some BEST Program sites were located near former DDT manufacturing facilities and agricultural areas with high historical use of technical DDT.
Isomeric comparisons
Technical-grade DDT contains an average of 18% o,p 0 -DDT (Buser and Mü ller, 1995) . The main sources of DDT in the environment are historical application of technical DDT, atmospheric deposition, dicofol manufacturing and application, and wastes from DDT manufacturing facilities. The percentage of o,p 0 -versus p,p 0 -isomers in total DDT was examined to determine if proportions were similar among sites and to identify the potential source of DDT in the fish samples.
Screening level risk evaluation
Contaminant concentrations were compared to toxicity thresholds and wildlife toxicity values from the scientific literature to screen for risk. Criteria for inclusion of a toxicity threshold were that the threshold was based on a whole-body fish concentration and was associated with reproductive performance, growth, or survival in fish. Wildlife toxicity values focused on avian receptors because birds are known to be particularly sensitive to DDT isomers, hexachlorobenzene, and PCBs. A PCB toxicity value for American mink (Mustela vison) was also included because this species is sensitive to PCB exposure (Aulerich and Ringer, 1977) .
A more extensive risk screening was conducted for p,p 0 -DDE because of the historical DDT contamination at the McIntosh site. The risk of p,p 0 -DDE to piscivorous birds was evaluated with models based on dietary exposure for bald eagle and osprey. Both of these species consume large, adult fish such as largemouth bass. Bald eagle, osprey, and other piscivorous and omnivorous birds forage and nest in the Mobile-Tensaw Delta and elsewhere in southern Alabama. Models assuming a diet of 100% fish were used to screen for risk; site-specific data for other exposure pathways such as water and sediment were not available for all sites and were not considered in this risk evaluation. Tissue-based toxicity reference values (TRVs) developed from egg concentrations were used because developing embryos are more sensitive to p,p 0 -DDE than adult birds (Wiemeyer et al., 1988; Elliott and Harris, 2001 Wiemeyer et al., 1988) and associated reproductive problems in osprey populations (Anderson and Hickey, 1972) . The BMFs of p,p 0 -DDE in osprey and bald eagle eggs were 47 for both species based on equations developed by Norstrom et al. (2007) Relatively high DDT concentrations were reported historically in bass near McIntosh and were attributed to the former DDT manufacturing facility (Schmitt et al., 1999; USFWS, 1989 USFWS, , 1992 USFWS, , 1996 . Concentrations of p,p 0 -DDE in whole-body bass from McIntosh were 1210-15,000 ng g À1 from 1969 to 1984 (Schmitt et al., 1999) , 1996) . Elevated total DDT concentrations in bass from this area (8000 ng g À1 ) were also reported in a 1990 study (USFWS, 1992) and later in a 1992 study of this same area (1240À21,160 ng g À1 ; USFWS, 1996).
Chlorinated benzenes
Mean concentrations of pentachlorobenzene and hexachlorobenzene were significantly greater in bass from McIntosh than from Childersburg, Eureka Landing, and Lavaca ( (Schmitt et al., 1999) , which is similar to the mean concentration (104 ng g À1 ) from this study. to the present study (USFWS, 1996) ; however, it is unclear which PCB congeners were included in the USFWS study. Although not directly comparable to total PCB concentrations in the present study, Aroclor 1254 concentrations were <100-1300 ng g À1 in
McIntosh bass from 1969 to 1984 (Schmitt et al., 1999) .
Temporal and spatial trends of p,p 0 -and o,p 0 -DDT isomer concentrations
Temporal trends in p,p 0 -DDE, p,p 0 -DDD, and p,p 0 -DDT concentrations in bass from historical NCBP sampling sites, McIntosh and Eureka Landing, were examined; o,p 0 -isomers were not reported by the NCBP. The routine measurement of DDT isomers in the early 1970s was plagued by chromatographic interference from PCBs, toxaphene, and other organochlorine residues. Under the quality assurance and methods development component of the National Pesticide Monitoring Program (the forerunner of the NCBP), largemouth bass samples from McIntosh were re-analyzed by methods considered to be the best available at the time. The analyses included the separation of PCBs from other organochlorine residues by silica gel/silicic acid chromatography and the quantification of toxaphene residues; procedures that were subsequently incorporated into routine NCBP analyses (Schmitt, 1981) . Concentrations of PCBs in bass from McIntosh increased in 1971 but were low in 1972, a period when DDT concentrations rose sharply. Toxaphene concentrations were also low relative to those of the p,p 0 -DDT isomers at this time. Collectively, these results and those of the routine analyses (Fig. 2) indicate that DDT concentrations rose sharply at McIntosh in 1972, and the rise was not likely to be attributable to interferences by PCBs and toxaphene. Low p,p 0 -DDD and p,p 0 -DDT concentrations in 1973 bass from Eureka Landing were potentially related to a laboratory reporting issue as concentrations in later years were greater and followed a more steady decline. Similar temporal trends were evident for bass from the Hudson River at Poughkeepsie, New York; the Potomac River at Little Falls, Maryland; the Truckee River at Fernley, Nevada; and the Klamath River at Hornbrook, California, with dips in concentrations of p,p 0 -DDD and p,p 0 -DDT during 1973 (Schmitt et al., 1999) .
Overall, concentrations of p,p 0 -isomers were greater in McIntosh bass than in Eureka Landing bass (Fig. 2) (Fig. 2) . These data indicate that DDT continues to move off site from the manufacturing facility and persists in fish near the facility.
Concentrations of o,p 0 -and p,p 0 -DDE, DDD, and DDT in bass from the BEST Program were compared to concentrations at McIntosh (Schmitt, 2002; Schmitt et al., 2005; Hinck et al., 2006 Hinck et al., , 2007 Hinck et al., , 2008 ; these data included largemouth bass from the Mississippi, Rio Grande, Columbia, Colorado, Pee Dee, Savannah, and Apalachicola River basins. Concentrations in whole-body composites samples (n ¼ 99) representing bass from 51 sites were 0.21-17 ng g 1969 1971 1973 1975 1977 1979 1981 1983 1985 1987 2004 p,p'-DDT (ng g agricultural areas (Hinck et al., 2007) ; high total DDT concentrations (225-875 ng g À1 ) at other BEST Program sites (Sites 41, 44, 45, 97 , and 505 in the Columbia River basin; Site 16 in the Rio Grande basin; and Sites 79-82 in the Mississippi River basin) were also related to agricultural applications rather than DDT production facilities (Schmitt, 2002; Schmitt et al., 2005; Hinck et al., 2006) . In contrast, DDT was manufactured near Site 24 (Ohio River at Marietta, Ohio) and Site 28 (Arkansas River at Pine Bluff, Arkansas; Schmitt, 2002) , but the mean concentrations at these sites (383-631 ng g À1 ) were more than 10-fold lower than at McIntosh (Fig. 3) .
Year
Overall, total DDT concentrations in bass from McIntosh were greater than any concentration measured by the national monitoring program.
Isomeric comparisons
The most common type of concentration data for DDT is that of soils and sediments. Investigations conducted as part of Comprehensive Environmental Response, Compensation, and Liability Act (CERCLA) activities at the two adjacent NPL sites at McIntosh (CibaGeigy Corporation, 1994; Woodward-Clyde, 1994) found that the mean percentage of o,p 0 -isomers in total DDT (47%) of floodplain sediments was greater than that expected from technical formulations of DDT (18%); mean percentages of o,p 0 -versus p,p 0 -isomers were 61% o,p 0 -DDE, 43% o,p 0 -DDD, and 54% o,p 0 -DDT. Venkatesan et al. (1996) also reported high mean o,p 0 -DDE to p,p 0 -DDE percentages in sediments (31%) and tar cake (40%) from a site contaminated by DDT manufacturing acid wastes.
The high concentrations and unique patterns of o,p 0 -and p,p 0 -isomer concentrations in bass from McIntosh indicate a local source of DDT in this part of the Tombigbee River. Provided dicofol sources of DDT can be ruled out, o,p 0 -isomers exceeding 18% of total DDT in sediments indicate that the DDT source is DDT manufacturing acid wastes rather than the use of DDT as a pesticide (Venkatesan et al., 1996) . Similar data for determining the source or sources of o,p 0 -isomers in fish are not available. Few studies have documented the metabolism of o,p 0 -isomers in fish; therefore, it is unknown whether the degradation rates of o,p 0 -isomers are equal in fish and sediments. However, the o,p 0 -and p,p 0 -isomer ratios in bass from McIntosh parallel the sediment isomer ratios from the site, which indicates that the fish have some site fidelity in order to maintain this signal even though they feed over a larger area. Looser et al. (2000) reported that the percentages of o,p 0 -DDT and p,p 0 -DDT in open sea fish were comparable to technical DDT and concluded that DDT accumulation and metabolism were unselective. In addition, p,p 0 -isomer concentrations were generally greater than o,p 0 -isomers in bass from BEST Program sites, where o,p 0 -isomers comprised <14% of total DDT concentrations (Hinck et al., 2007 (Hinck et al., , 2008 . These studies also found that fish with the greatest o,p 0 -isomer concentrations were from areas with high historical technical DDT application rates (Hinck et al., 2007 (Hinck et al., , 2008 .
The percentage of o,p 0 -isomers to p,p 0 -isomers differed among sites in the Mobile River basin (Fig. 4) . Small percentages of o,p 0 -DDE (1-5%), o,p 0 -DDD (4-5%), and o,p 0 -DDT (2-3%) were present in bass from Childersburg and Lavaca. The percentages of o,p 0 -DDE (10%) and o,p 0 -DDD (11-17%) were greater than o,p 0 -DDT (2-3%) in bass from Eureka Landing and Bucks. The percentages of o,p 0 -versus p,p 0 -isomers were greater in McIntosh bass, which contained 21% o,p 0 -DDE, 30% o,p 0 -DDD, and 16% o,p 0 -DDT, compared to other sites (Fig. 4) . Mean percentages of o,p 0 -DDE (44%), o,p 0 -DDD (36%), and o,p 0 -DDT (60%) were high in bass from McIntosh in 1990 (USFWS, 1992 . CERCLA investigations at the two NPL sites at McIntosh also reported elevated mean percentages of o,p 0 -DDE (23%), o,p 0 -DDD (24%), and o,p 0 -DDT (39%) in bass (Ciba-Geigy Corporation, 1994; Woodward-Clyde, 1994) . Mean total o,p 0 -isomers in total DDT were greater in bass from McIntosh (23%) and Bucks (11%) compared to those from other sites (2-10%). The source of relatively high o,p 0 -isomer concentrations in fish from Bucks is probably sediment being transported downstream from McIntosh (e.g. sediment re-suspension during flood events). Such high percentages of o,p 0 -isomers have not been documented in fish from other sites; the results indicate that the local source of DDT is likely the former manufacturing facility.
Screening level risk evaluation
3.4.1. p,p 0 -and o,p 0 -DDT isomers Concentrations of p,p 0 -DDE in McIntosh bass exceeded protective thresholds for fish and DECs for piscivorous birds. Total DDT concentrations exceeding 600 ng g À1 may be harmful to juvenile and adult fish (Beckvar et al., 2005) . Applying this threshold, total and p,p 0 -DDE concentrations were >600 ng g À1 in eight of ten bass from McIntosh (Fig. 5) . Concentrations of total DDT (24-113 ng g À1 ) and p,p 0 -DDE (17-85 ng g À1 ) in bass from Childersburg, Eureka
Landing, Lavaca, and Bucks did not exceed this threshold (Fig. 5) . Field-estimated BMFs are available for bald eagle and osprey (e.g. Giesy et al., 1995; Henny et al., 2003) , but we derived the DECs for p,p 0 -DDE using calculated BMFs to more accurately predict concentrations that pose a risk to bald eagle and osprey. Specifically, a bioaccumulation model for lipophilic contaminants that predicts the BMF of p,p 0 -DDE in herring gull (Larus argentatus) eggs was used to estimate BMFs in bald eagle and osprey eggs (Norstrom et al., 2007) . The calculation used annual average daily food intake, which was estimated using the allometric relationship between field metabolic rate and body weight (W B ; Williams et al., 1993) . The clearance rate constants of p,p 0 -DDE were calculated from the value in herring gulls (Norstrom et al., 2007) and adjusted as a function of (W B ) À0.3 (Glaser and Connolly, 2002) . The calculations were based on a 5 kg female eagle and a 1.5 kg female osprey with an average of 10% whole-body fat content laying two eggs. Partitioning between plasma and fat, efficiency of contaminant uptake, and egg/whole-body concentration ratio were assumed the same as for herring gulls (Norstrom et al., 2007) . The calculated BMFs of p,p 0 -DDE in osprey eggs (47) and eagle eggs (47) were similar to the calculated BMF for the herring gull (55; Norstrom et al., 2007) . These calculated BMFs were between field-estimated BMFs of 22 for bald eagle (Giesy et al., 1995) and 87 for osprey (Henny et al., 2003) . Field-estimated BMFs of slowly excreted contaminants such as p,p 0 -DDE are subjected to considerable error because it is impossible to accurately estimate the true exposure of the bird that results in the egg residues. The true BMFs for bald eagle and osprey are unlikely to be greater than that in the herring gull given their relative body weights. The exposure of the osprey was probably underestimated because the field BMF was based only on food eaten during the nesting season (Henny et al., 2003) . The bald eagle field BMF, which was based on food items collected September-December and March-May (Giesy et al., 1995) , is more likely to be accurate but does not account for diet during winter migration or individual variation in exposure due to species and size of fish eaten. Nine of ten bass from McIntosh had p,p 0 -DDE concentrations that exceeded the DEC for bald eagle (130 ng g À1 );
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bass from other Mobile River basin sites did not exceed the bald eagle DEC (Fig. 5) . Concentrations of p,p 0 -DDE in bass from McIntosh but not Childersburg, Eureka Landing, Lavaca, or Bucks also exceeded the DEC for osprey (90-190 ng g À1 ; Fig. 5 ). Overall, these data indicate that p,p 0 -DDE risk to fish, osprey, and bald eagle was greatest at McIntosh. The USEPA (2006) concluded that the remediation efforts in the floodplain adjacent to the Tombigbee River failed to reduce DDT concentrations in mosquitofish to ecologically acceptable levels (300-1500 ng g À1 ), and therefore it continues to pose a risk to the piscivorous birds feeding in the open areas of the floodplain. These contaminated fish represent a biological pathway for DDT to leave the floodplain and enter the Tombigbee River, where they may be consumed by piscivorous fish and wildlife. The elevated o,p 0 -and p,p 0 -isomer concentrations in bass from our study further indicates that DDT is being transported into the Tombigbee River. Although the o,p 0 -isomers historically were considered relatively benign, recent studies have determined that o,p 0 -isomers are endocrine active. Dietary exposure to o,p 0 -DDT and o,p 0 -DDE can affect liver and gonad size, plasma vitellogenin concentrations, and lipid levels in fish (Donohoe and Curtis, 1996; Ungerer and Thomas, 1996; Papoulias et al., 2003) . Ungerer and Thomas (1996) reported that concentrations of o,p 0 -DDT were positively correlated with gonadosomatic index in Atlantic croaker (Micropogonias undulatus). Juvenile rainbow trout (Oncorhynchus mykiss) injected with 45-90 mg g À1 o,p 0 -DDE and o,p 0 -DDT had increased plasma vitellogenin concentrations (Donohoe and Curtis, 1996) ; however, these concentrations of DDTs may not be considered environmentally relevant. Gonadosomatic index was significantly lower in adult female and male Japanese medaka (Oryzias latipes) when they had been exposed in ovo to 500 ng g À1 o,p 0 -DDE (Papoulias et al., 2003) . Metcalfe et al. (2000) suggested that continuous exposure to endocrine active compounds such as o,p 0 -DDT must begin in ovo and continue throughout early development to affect reproductive endpoints in fish. (Milston et al., 2003) . Visual and vibratory stimuli responses and routine swimming activity were impaired in Atlantic croaker larvae exposed to o,p 0 -DDT, which may decrease survival by increasing predation, decreasing feeding rates, or both (Faulk et al., 1999) . Reduced reproductive success of bald eagle and osprey populations has been associated with exposure to organochlorine pesticides including p,p 0 -DDE. Specifically, eggshell thinning is one of the main effects of p,p 0 -DDE exposure in bald eagle and osprey, which has resulted in substantial population-level effects (Anderson and Hickey, 1972; Wiemeyer et al., 1984 Wiemeyer et al., , 1988 . For example, osprey from various U.S. populations with severe eggshell thinning (15-20%) had p,p 0 -DDE egg concentrations of 4200-8700 ng g À1 (Wiemeyer et al., 1988) . In bald eagle populations, p,p 0 -DDE egg concentrations of 5100-15,000 ng g À1 were associated with decreased young production (Wiemeyer et al., 1984; Krantz et al., 1970) . Although a variety of piscivorous birds occur in the lower Mobile River basin, the extent of use and nesting success of piscivorous birds near McIntosh is largely undocumented (P. Tuttle, USFWS, Daphne, Alabama). The rapid metabolism of o,p 0 -isomers results in low concentrations in birds (Norstrom and Letcher, 1997) ; however, birds can be exposed to o,p 0 -isomers through their regular consumption of prey, including fish, with high DDT concentrations. Potential estrogenic effects of o,p 0 -isomers to birds are not well studied. Fry and Toone (1981) reported oviduct formation in male California gull (Larus californicus) exposed in ovo to 5 mg g À1 o,p 0 -DDT. Higher concentrations of o,p 0 -DDT (150 mg g À1 ) in female Japanese quail (Coturnix japonica) eggs caused oviduct abnormalities and egg laying impairment (Halldin, 2005) . Toxicity reference values for o,p 0 -DDE, o,p 0 -DDD, and o,p 0 -DDT need to be developed to better understand the risk these compounds pose to fish and wildlife.
Chlorinated benzenes
Concentrations of hexachlorobenzene were compared to thresholds to protect piscivorous wildlife; thresholds were not available for pentachlorobenzene. Hexachlorobenzene is less toxic to fish than many other persistent organochlorines but may contain ; see text for calculation).
toxic impurities including polychlorinated dibenzo-p-dioxins and polychlorinated dibenzofurans (Schmitt et al., 1999) . Hexachlorobenzene is a known porphyrinogen and is toxic to bird embryos (Boersma et al., 1986) . Hexachlorobenzene embryotoxicity was thought to be responsible for the complete failure of herring gull eggs to hatch in Lake Ontario in the early 1970s (Norstrom, 2006) . Based on data from Boersma et al. (1986) and Braune and Norstrom (1989) , whole-fish concentrations of hexachlorobenzene that range from 48 to 161 ng g À1 may cause reproductive failure in herring gull eggs. Herring gull is one of the more resistant species to organohalogen contaminants such as PCBs and TCDD (Norstrom, 2006) ; therefore, the threshold for other species, such as bald eagle and osprey, may be lower than 48 ng g
À1
. Hexachlorobenzene concentrations >330 ng g À1 in whole-fish may represent a risk to piscivorous wildlife (Newell et al., 1987) . Bass from Childersburg, Eureka Landing, Lavaca, and Bucks did not exceed the thresholds for hexachlorobenzene (Fig. 6 ). In contrast, hexachlorobenzene concentrations in McIntosh bass were 12-1100 ng g
, with six of ten bass exceeding at least one threshold to protect avian embryos (Fig. 6 ). Of these six bass, four (all male) had hexachlorobenzene concentrations >200 ng g
. Given the high hexachlorobenzene concentrations in bass from McIntosh, the reproductive success of piscivorous birds foraging on bass in this area may be compromised.
Toxaphene
Although generally considered non-toxic to birds, toxaphene is highly toxic to fish (Wiemeyer, 1996; Jarvinen and Ankley, 1999) . Freshwater fish with toxaphene concentrations of 203 ng g À1 produced eggs with reduced viability (Mayer et al., 1975) . Bass from Childersburg, Eureka Landing, Lavaca, and Bucks did not exceed the threshold for toxaphene, but two of ten bass from McIntosh did (Fig. 6) .
Total PCBs
Concentrations of total PCBs were compared to thresholds to protect fish and wildlife. Inferior reproductive performance and offspring survival were reported in American mink, one of the most sensitive species to PCBs, that were fed fish or fish products with PCB concentrations of 480 ng g À1 (Hornshaw et al., 1983 ). Eisler (1986 proposed thresholds for total PCB concentrations of 400 ng g À1 in whole-body fish to avoid reproductive impairment and 3000 ng g À1 to protect birds. Total PCB concentrations in Childersburg (n ¼ 2) and McIntosh (n ¼ 5) bass exceeded thresholds to protect fish and mink; concentrations in bass from Eureka Landing, Lavaca, and Bucks did not exceed these thresholds (Fig. 6) . Concentrations in all samples were less than the threshold to protect birds (Fig. 6 ).
Conclusions
Although DDT has not been produced at the McIntosh manufacturing facility since 1963, the site continues to release DDT into the adjacent river. Mean concentrations of o,p 0 -and p,p 0 -DDT isomers in bass at McIntosh were significantly greater than those from four other sites in the Mobile River basin. Proportions of o,p 0 -versus p,p 0 -isomers were greater in bass at McIntosh compared to other sites and were consistent with o,p 0 -isomer ratios in sediments and tar cake from a DDT manufacturing acid waste site. Concentrations of o,p 0 -isomers, which are endocrine active, were high in ; Newell et al., 1987) and herring gull embryos (48-161 ng g
À1
; Boersma et al., 1986; Braune and Norstrom, 1989) . On the toxaphene graph, whole-body concentrations greater than 203 ng g À1 have caused reduced egg viability in fish (Mayer et al., 1975) . The reference line on the total PCB graph represents the protective thresholds for fish (400 ng g À1 ; Eisler, 1986), mink (480 ng g
; Hornshaw et al., 1983) , and birds (3000 ng g À1 ; Eisler, 1986 ).
bass at McIntosh in the past 20 years, which indicates that fish continue to be exposed to DDT at this site. DDT in bass is persistent and remains at concentrations sufficient to pose a risk to fish and piscivorous birds foraging or nesting near McIntosh.
Pentachlorobenzene, hexachlorobenzene, and toxaphene in bass at McIntosh were also significantly greater than those from other Mobile River basin sites. PCB concentrations in McIntosh bass were greater than those from all other sites except Childersburg. Hexachlorobenzene, toxaphene, and total PCB concentrations exceeded thresholds to protect fish, piscivorous wildlife, or both in bass at McIntosh. Therefore, these contaminants could further compromise the health of fish and piscivorous birds foraging near McIntosh.
